Introduction
[2] The Arctic glaciers outside of Greenland have been found to be a major contributor to present sea level rise [e.g., Arendt et al., 2002; Berthier et al., 2010; Wu et al., 2010] . They account for about one fourth of all glacier (excluding Greenland and Antarctica) sea level rise contributions since 1960 [Kaser et al., 2006] . These contributions are expected to increase in the future [Raper and Braithwaite, 2006; Meier et al., 2007; Bahr et al., 2009] , as these glaciers are located in the region of highest predicted air temperature increase during the coming decades [Rinke and Dethloff, 2008] .
[3] During the last four decades the glaciers and ice caps of Svalbard showed a mean geodetic mass balance of −0.36 ± 0.02 m w.e. yr −1 (meters water equivalent per year), (excluding Austfonna and Kvitøya) corresponding to a mean sea level rise contribution of 0.026 ± 0.001 mm yr −1 [Nuth et al., 2010] . However, their surface mass balance was roughly in equilibrium (−0.014 ± 0.003 m w.e. yr ) during the last 30 years of the 20th century [Hagen et al., 2003] . Glaciers in western Svalbard have experienced an accelerating thinning during recent decades with changes in surface elevation of −0.47 and −0.62 m w.e. yr −1 during the periods 1995-2003 and 2003-2005, respectively . These values are in line with results from the ice caps on Edgeøya, eastern Svalbard, where the thinning rate averaged −0.63 m w.e. yr −1 for the period [2002] [2003] [2004] [Kääb, 2008] , and results from southern Spitsbergen where mean thinning during 1990-2005 was −0.55 m w.e. yr −1 [Nuth et al., 2010] . However, most recent estimates indicate significant changes in the mass balance pattern of the Svalbard archipelago. For the period , Moholdt et al. [2010b calculated the overall geodetic mass balance to be much less negative at −0.11 ± 0.04 m w.e. yr −1 .
[4] Results for Vestfonna are close to the regional mean (−0.14 ± 0.07 m w.e. yr −1 ), while a much more positive balance of +0.1 ± 0.04 m w.e. yr −1 was obtained for Austfonna for the same period [Moholdt et al., 2010b] . Positive mass balances for Austfonna have also been reported for the end of the 20th century [Bevan et al., 2007] . For Vestfonna Nuth et al. [2010] obtained a near zero glacier-wide geodetic mass balance of +0.05 ± 0.15 m w.e. yr −1 for the period 1990-2005 and a thickening of parts of its accumulation area.
[5] Hence, Vestfonna seems to have shifted from slight mass gain to mass loss. Vestfonna does not experience the typical low-elevation thinning observed throughout the Svalbard archipelago. Rather, it features a complex pattern of ice thickness changes [Moholdt et al., 2010b] due to the relatively complex surface topography of Vestfonna when compared to the smoother surface of Austfonna.
[6] With the exception of Austfonna, the negative mass balance observations agree with the positive trends of air temperature observed in the Arctic and the Svalbard area in particular [Rigor et al., 2000; Moritz et al., 2002] . In general, the archipelago experienced warming during the 20th century [e.g., Hanssen-Bauer and Førland, 1998; Førland and Hanssen-Bauer, 2003] . During the last decades of the 20th century, the Atlantic sector of the Arctic as a whole showed the strongest warming trend of any part of the northern polar region [Przybylak, 2000; . During the period 2001-2005, the mean annual air temperature in the Atlantic sector of the Arctic was 1.3 K higher than its long-term mean during [Przybylak, 2007] . This development led to a considerable increase of the mean length of annual melt season throughout the Arctic [Stroeve et al., 2006b] , and thus possibly initiated a trend toward more negative mass balances.
[7] The aim of this study is to model daily fields of surface accumulation, surface ablation, refreezing, and their sum, the so-called climatic mass balance of Vestfonna for the first decade of the 21st century (September 2000 to August 2009). We apply the spatially distributed temperature-radiationindex ablation model presented by Pellicciotti et al. [2005] that is based on air temperature and net shortwave radiation inputs. We enhance the model by including fractional cloud cover and albedo fields derived from daily MODIS (Moderate Resolution Imaging Spectroradiometer) imagery in order to compute net shortwave radiation. The model is forced by statistically downscaled ERA-Interim daily air temperatures. Local reference is provided by records of automatic weather stations (AWS) operated in the study area. Accumulation is modeled as a function of altitude based on ERA-Interim daily total precipitation. Our model approach accounts for the frequent and spatially variable cloud cover in the study area, despite the limited availability of meteorological data at boundary layer level. Model results provide new insight into the spatial and temporal variability of the surface mass balance of Svalbard's second largest ice cap.
Study Area
[8] Vestfonna is a polythermal ice cap located on the island Nordaustlandet (northernmost Svalbard archipelago) at around 80°N (Figure 1 ). It covers ∼2400 km 2 making it one of the largest ice masses of the European Arctic. It ranges in altitude from sea level to 630 m above sea level (asl). The ice cap has a main ridge that is oriented east-west, with its second highest point, called Ahlmann Summit, located near the center. Another main ridge extends northward from a slightly higher peak located in the eastern part of the ice cap. Between these ridges, Vestfonna has pronounced, bowl-shaped outlet glacier basins. Some of these outlet glaciers have been suggested to be surge-type glaciers [Dowdeswell and Collin, 1990] , although this has not yet been proven.
[9] The majority of the ice cap drains southward into Wahlenbergfjorden through large (>5 km wide) calving fronts [Strozzi et al., 2008] . The largest outlet glacier, Franklinbreen, is located on the northwestern side of the ice cap and drains into Lady Franklinfjorden. A few smaller outlet glaciers drain into northeastern fjords.
[10] Svalbard features a maritime climate characterized by cooler summers and warmer winters than generally found at comparable latitudes. Mean monthly air temperatures on Vestfonna during the short summer seasons do not exceed +3°C and in winter they typically range between −10°C and −15°C. Periods of considerable short-term warming with air temperatures rising close to the melting point frequently occur, even during the winter months (Figure 2) .
[11] The location of Vestfonna in the northeastern part of Svalbard causes the ice cap to be more directly influenced by weather systems originating in the Barents Sea region than by the westerly weather systems that determine the climate of other parts of the archipelago . Accordingly, the ice-free areas of the Barents Sea form the major source of moisture for precipitation over Nordaustlandet [Førland et al., 1997] . However, as Vestfonna is situated in the lee of its higher-elevation neighbor, Austfonna, it receives less precipitation and has a smaller horizontal precipitation gradient than Austfonna .
Data
[12] The model requires elevation data of the ice-cap surface as well as daily air temperature and precipitation data. Fractional cloud cover, atmospheric turbidity and albedo data are used to compute net shortwave radiation. Mass balance data that are obtained from ablation-stake measurements are used to calibrate the model.
Glacier Outline and Elevation Data
[13] The glacier outlines were digitized from Terra ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) imagery acquired on 17 August 2000 (EOS Data Gateway Granule ID: SC:ASTL1B 00-08-12:36:0010269001). Terrain information is based on the elevation data set of the ASTER Global Digital Elevation Model (GDEM). Small data gaps in the uppermost parts of the ice cap were filled with values interpolated from surrounding grid cells. Sporadic elevation outliers along the ridges were likewise substituted with interpolated values. The original grid was then bilinearly resampled to a grid-cell resolution of 250 × 250 m to facilitate coregistration with the MODIS data sets.
Meteorological Data
[14] The model is forced by statistically downscaled daily ERA-Interim 2 m air temperatures and daily ERA-Interim total precipitation (Figure 2 ). ERA-Interim is the follow-up reanalysis product of the well-established ERA-40 data set [Uppala et al., 2005] . Data are supplied by the European Centre for Medium-Range Weather Forecasts (ECMWF). We use data from the grid point located at 79.5°N 19.5°E (Figure 1 ). The downscaling procedure for air temperature data is detailed in section 4.5.
[15] In addition, data from four automatic weather stations (AWS) operated on the northwestern side of the ice cap and on neighboring De Geerfonna (Figure 1 ) during the period 27 May 2008 to 30 April 2010 are used to downscale ERAInterim air temperatures, to derive temperature slope lapse rates, and to calibrate the radiation model (Table 1) .
[16] The air temperature records of AWS2 show data gaps in the winter seasons due to power shortage. They were filled by linearly scaled data (R 2 = 0.97) of the AWS on De Geerfonna (AWS4) in order to provide a continuous local reference during air temperature downscaling. However, short gaps without any air temperature data remain in May 2009 and March 2010. The time series is nevertheless considered an adequate local reference for downscaling as in this study air temperature accuracy is by far most important during the summer seasons.
Albedo
[17] Terra MODIS data were used for retrieval of daily albedo fields of Vestfonna. Albedo information is based on the daily updated MODIS snow product MOD10A1 version 5 [Hall et al., 2002; Hall and Riggs, 2007] with a spatial resolution of 500 m. Daily albedo information is based on the scene acquired closest to nadir relating to each individual pixel. Where no MODIS albedo information is available due to cloud cover, the albedo time series at that grid point is interpolated between the temporally closest data values available.
[18] During polar winter, when no MODIS snow cover data are available (25 October to 15 February), the entire ice cap is assumed to be covered with snow having a constant albedo of 0.80. Mean update interval for albedo over the ice cap is 2.9 ± 10.8 days for the period of available MODIS snow cover, with the given range indicating one standard deviation and thus a strongly asymmetric distribution.
[19] On the southern outlet glacier tongues of the ice cap, small areas of permanent data gaps are present in the MODIS snow product (26.25 km 2 ). Surface albedo throughout these areas was extrapolated based on the albedo of neighboring grid cells.
[20] Comparison of remotely sensed surface albedo with the measurement record of AWS2 yield a mean difference of +0.02 over the period May 2008 to July 2009 and a root mean square error (RMSE) of 0.12. This result is in agreement with uncertainties obtained by Greuell and Oerlemans [2005] on the Greenland ice sheet and is regarded as an adequate reproduction of in situ conditions, given that the AWS only samples a small point within the much larger MODIS footprint [Stroeve et al., 2006a] . A characteristic annual evolution of the albedo bias depending on solar zenith angle as described by Wang and Zender [2010] is not clearly identifiable due to the limited length of the study period. Therefore, a systematic correction of the albedo fields was not feasible, and uncertainty of unknown magnitude is introduced to modeled climatic mass balances.
Fractional Cloud Cover
[21] Daily fractional cloud cover fields over Vestfonna were created on the basis of the MOD10A1 daily snow product and serve as input for the global radiation computation. Binary cloud cover information is contained by default in this 500 m resolution gridded data set. MODIS cloud cover information has been widely used in several studies and was successfully validated over snow covered ground [e.g., Berendes et al., 2004; Wang et al., 2008] .
[22] Preprocessed fractional cloud cover fields are provided by the MODIS cloud product (MOD06_L2), but only on a 5 km spatial resolution. These fields are created by averaging the binary cloud cover information (1 km) of fixed 5 × 5 pixel subsets. We customized this method to obtain fractional cloud cover fields at the same 500 m resolution as the MOD10A1 input data. A running 5 × 5 pixel window is used to calculate fractional cloud cover for the respective central pixel. During polar night, when no MOD10A1 data are available (25 October to 15 February) and incoming shortwave radiation is negligible, fractional cloud cover is assumed to be 0 throughout the entire model domain.
Atmospheric Turbidity
[23] Atmospheric turbidity data needed for radiation modeling are represented by the Linke turbidity factor [Linke, 1961] . The Solar Radiation Database SoDa [Wald et al., 2002] provides mean monthly values of the Linke turbidity factor on a 0.5°global grid. It is a standard tool among solar engineering professionals and a widely used data provider for various solar radiation modeling applications [e.g., Schüttemeyer et al., 2007] . Grids of monthly values were downloaded from the database (http://www.soda-is.com) and resampled to the 250 m resolution model domain.
Mass Balance Data
[24] Measurements of snow depth and ice surface height changes used for calibration of the mass balance model were carried out at a network of ablation/accumulation-stakes consisting of 15 stakes distributed over parts of the ablation area of the ice cap (Figure 1 ). We do not use stake data from the accumulation area because the amount of refreezing is not measured. A total of 29 successful repeat readings were retrieved during several field campaigns in 2007, 2008, and 2009 . Measurement intervals are grouped into two major classes, that is, 70-90 days (between spring and summer campaigns) and 270 days (between summer and spring campaigns).
[25] Measurements of snow water equivalent and bulk snow densities were carried out in 21 snow pits distributed across the ice cap (Figure 1 ) [Möller et al., 2011] . Data were used for calibration of the accumulation model and for conversion of repeat stake measurements into water equivalent values. A mean bulk snow density of 398 ± 41 kg m −3 (mean ± one standard deviation) was obtained from the snow pits. Density showed a low variability in space and time, which is explained by continuous compaction of the snowpack throughout the year due to frequent snowdrift [Goodison et al., 1981] . Accordingly, all snow-related mass balance measurements are converted into water equivalent value using a single snow density (400 kg m
−3
). Ice density is set to 900 kg m −3 [Paterson, 1994] .
Model Description and Calibration

Mass Balance Model
[26] Our mass balance model computes surface accumulation, surface ablation and refreezing as well as their sum, the so-called climatic mass balance, following the terminology by Cogley et al. [2011] . Ablation (defined as negative in case of mass loss) is calculated as a function of downscaled ERAInterim air temperature data and modeled net shortwave radiation. Accumulation is derived from ERA-Interim precipitation data that are distributed as a function of elevation. Refreezing is estimated using the P max approach [Reeh, 1991] .
[27] Modeling is done for the 9-year period from September 2000 until August 2009 with a daily resolution on a 250 m grid. Calibration is based on point balance data provided by repeat stake readings and snow pit data.
Accumulation
[28] Surface accumulation is assumed to be exclusively formed by snowfall. All precipitation occurring at air temperatures below 0°C is assumed to fall as snow, while rain is assumed for all precipitation at temperatures above 2°C. Between 0 and 2°C, a mixture of snow and rain is assumed, and the amount of snowfall is scaled between 100% (0°C) and 0% (2°C) using a hyperbolic function [Möller et al., 2007] . Initial snowfall fields are calculated from daily ERA-Interim total precipitation of a grid point south of Vestfonna (Figure 1 ) by using the air temperature fields described in section 4.5.
[29] Möller et al. [2011] have shown a strong increase of surface accumulation with altitude. Here we approximate surface accumulation (c) from the initial snowfall fields (S ERA ) by quadratic scaling according to an index function of altitude (z):
The coefficients m and n (Table 2 ) of this index function are determined empirically (Figure 3 ) from in situ measurements of snow water equivalent in 16 snow pits across the ice cap [Möller et al., 2011] . For each snow pit location, index values are calculated as the ratio of the sum of snow pit-derived surface accumulation close to the end of the winter season and the corresponding snowfall sum obtained from the initial ERA-Interim snowfall fields. [30] A quadratic accumulation index function defined by m and n is fitted to the set of individual index values (Figure 3) . The intercept of the index function is forced to 1.0, as surface accumulation is assumed to be equal to ERA-Interim snowfall at sea level. The relation between index values and elevation holds for all four accumulation seasons included in the data (2006/2007 to 2009/2010) .
[31] The fitted index function explains 83% of the variance of the individual index values. Considerable parts of the remaining deviations (RMSE = 0.94) can be attributed to local scale snow depth variability induced by frequent formation of flat, small scale surface roughness (sastrugi). According to the index function, surface accumulation on Vestfonna increases by a factor of more than eight from the margin to the top of the ice cap. Modeled surface accumulation thus resembles magnitudes and gradients previously reported for Austfonna Taurisano et al., 2007] .
Refreezing
[32] Refreezing in snow and firn plays a major role in the mass budget of Arctic glaciers [e.g., Palosuo, 1987] . In this study, it is accounted for by applying the well-established P max modeling approach introduced by Reeh [1991] . P max is calculated as a fraction of winter accumulation. It represents the maximum meltwater amount that can refreeze within the snowpack during the following ablation season before runoff occurs. It thus adds a positive value to glacier mass balance. As done by Schuler et al. [2007] for Austfonna, we set P max = 0.6. Hence, melt and rainwater are retained by refreezing processes until 60% of the current year's winter accumulation is reached. Any excess water is assumed to be lost from the glacier as runoff.
Ablation
[33] Surface ablation, that is, snow or ice melt, is calculated using a combined temperature-radiation-index approach. Since it only depends on air temperature and surface type as input variables, the temperature-index method [e.g., Hock, 2003 ] is a useful melt modeling approach in regions with limited data availability [e.g., Braithwaite and Raper, 2007; Möller and Schneider, 2010] . It is justified by the fact that incoming long wave radiation and sensible heat flux, which usually represent the largest energy sources for snow and ice melt, are strongly correlated to air temperature [Ohmura, 2001] .
[34] We use the temperature-radiation-index model developed by Pellicciotti et al. [2005] , which parameterizes snow and ice ablation as
where a is ablation, T is air temperature, and R G is global radiation. a is albedo, and f T and f R are empirical coefficients.
[35] Spatially distributed global radiation is modeled using the radiation model described in section 4.6. The amount of global radiation absorbed at the surface is determined using the MODIS-based albedo fields (see section 3.3).
Air Temperature
[36] ERA-Interim daily 2 m air temperatures from a grid point south of Vestfonna (Figure 1) were statistically downscaled to match local conditions at Vestfonna using the variance-inflation method [Karl et al., 1990; Huth, 1999] .
[37] The variance-inflation method was developed for downscaling of global circulation model data, in order to make its variance match the one at local scale. It implicitly assumes local variability to be entirely governed by synoptic scale forcing [von Storch, 1999] , but was nevertheless considered to be an appropriate tool for reproduction of day-today variability in local scale air temperature data [Huth et al., 2001] . Reanalysis data such as those used in this study represent an interpolated local scale and are thus based on measurements and observations. We therefore consider variance inflation to be an appropriate tool for downscaling of ERA-Interim air temperatures to Vestfonna local conditions.
[38] The downscaling follows a two-step approach [von Storch, 1999] . It is done separately for each month i in order to account for the strong interannual variability of airtemperature variance at the study site, that is, small variance in summer and high variance in winter. First, the synoptic scale data (T ERA,i ) are linearly adjusted to local scale conditions at Vestfonna according tô
The coefficients o i and p i (Table 2) are determined from linear regression analysis between ERA-Interim and AWS2 data. Then, the variance of the adjusted air temperatures is inflated to match the one observed at AWS2:
The downscaled air temperature time series (Figure 2 ) shows RMS errors of 0.7 K (June to August) and 1.2 K (September to May), when compared to measurements at AWS2.
[39] Air temperature fields are created using a constant linear lapse rate (dT/dz, Table 2 ). This average lapse rate is obtained from daily mean air-temperature data of AWS1-3 during the period June 2008-April 2009. Results suggest a value of 7.0 ± 3.7 K km −1 , with the given range indicating one standard deviation.
Global Radiation
[40] Global radiation (R G ) is calculated as the sum of solar radiation (R S,sol ) and multiple scattering and reflection between the glacier and the lowermost cloud layers (R S,msr ):
[41] All shortwave radiation fluxes are computed with an hourly resolution from which daily means are computed.
Solar Radiation
[42] Potential clear-sky direct solar radiation on an arbitrarily oriented and inclined surface (R 0,sol ) is estimated according to Bernhardt and Philipps [1958] and Mölg et al.
[2003]:
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S 0 is the solar constant (1368 W m
−2
). Eccentricity correction factor (E) and zenith angle of the sun with respect to a theoretical, planar surface (z) or with respect to an arbitrarily oriented and inclined surface (z*) are calculated according to standard solar geometry [e.g., Iqbal, 1983] . Atmospheric turbidity is represented by spatially distributed grids of the Linke turbidity factor (T L ) [Linke, 1961] . Terrain shading is taken into account using standard algorithms of solar-radiation geometry [Corripio, 2003] .
[43] The reduction of clear-sky solar radiation due to actual cloud-cover conditions is determined from R 0,sol using the Savinov-Ångström formula [e.g., Kondratyev, 1969] . The portion of clear-sky solar radiation actually reaching the surface (R S,dir ) is thus calculated as
Cloudiness is incorporated in terms of spatially distributed fractional cloud cover grids (C fc ) and h′ is an empirical coefficient being 0.58 at 80°N [Budyko, 1974] . This implies that under completely overcast conditions (C fc = 1) R S,sol amounts to 58% of clear-sky solar radiation. Due to the minimal input requirements, the Savinov-Ångström formula (equation (7)) is a feasible method for efficient radiation calculation and has thus been used before in several studies [e.g., Emelyanov and Konovalov, 1975; Dumanskaya, 2008] .
Multiple Scattering and Reflection
[44] Multiple scattering and reflection between the glacier and the lowermost cloud layers is an important component of global radiation at the surface [Ørbaek et al., 1999] . Reflected shortwave radiation from surrounding topography is assumed to be negligible in this study, as the roughly convex shape of the ice body and the resulting lack of surrounding surfaces do not allow for reflections toward the ice cap.
[45] The radiation flux due to multiple scattering and reflection (R S,msr ) is calculated from direct radiative forcing according to
The spatially distributed scaling factor (s R ) that accounts for surface albedo and fractional cloud-cover conditions is empirically calibrated from a comparison of measured and modeled global radiation fluxes at AWS2 in the period from 28 May 2008 to 6 August 2009. It is given by
and depends largely on surface albedo (a) and fractional cloud cover (C fc ). Differences in sky-view factors (SV) between any location on the glacier and the calibration site (AWS2) are taken into account by the given quotient (SV AWS2 = 0.88). Skyview factors are computed according to Corripio [2003] . The scaling factor s R is thus a gridded quantity whose spatial distribution depends on daily updated albedo and fractional cloud cover grids and a fixed distribution of sky-view factors. The regression constants (q, r; Table 2 ) are calibrated from a comparison of measured global radiation (R meas ) and modeled (R S,dir ) solar radiation at AWS2 using the following equation:
The difference given in the numerator, that is, the deviation of modeled from measured values, is treated as radiation fluxes originating in multiple scattering and reflection (R S,msr ). Hence, the left side of equation (10) represents the ratio between multiple scattering and reflection and direct radiation fluxes at AWS2, and therefore with s R . The constant r is obtained using linear regression techniques. With the product of albedo and fractional cloud cover ranging between 0 and 1, this means that multiple scattering and reflection at AWS2 might contribute more than one fourth to global radiation. The intercept q is forced to 0 in order to account for the fact that multiple scattering and reflection do not exist where either albedo or fractional cloud cover are zero.
[46] Modeled global radiation fluxes are able to explain 90% of the variance of in situ measurements at AWS2 (Figure 4) , and considerable parts of the remaining deviations (RMSE = 36.1 W m −2 ) can be attributed to intraday changes in cloud cover. This high temporal resolution is not provided in the MODIS-based fractional cloud cover data as it only represents samples at the overpass times of the Terra satellite.
[47] Alternative tests considering a spatially or temporally averaged cloud cover over Vestfonna resulted in a considerably diminished performance of the radiation model. Modeling attempts using the preprocessed 5 km MODIS fractional cloud cover fields led to slightly higher deviations between measured and modeled global radiation fluxes.
Model Calibration
[48] The calibration of the mass balance model is based on point balances at the stake network. Calibration is done by adjusting the empirical coefficients f T and f R of the ablation model. Iterative mass balance model runs with continuous changes of f T and f R are performed until a best fit approximation between modeled point balances and their measured counterparts is reached, using RMSE minimization ( Table 2) . The modeled point balances account for an explained variance of 86% of the stake measurements ( Figure 5 ). The RMSE between modeled and measured values is ±0.10 m w.e. Both the spatial and temporal variability in mass balance is reproduced well by the model.
Model Uncertainty
[49] The overall uncertainty of the modeled climatic mass balances time series (U b ) is quantified by accounting for errors inherent in the input data and in calibrated model parameters. We include seven individual errors (Table 3) that are assumed to be uncorrelated to each other. The overall uncertainty is thus calculated as
by applying error propagation rules [Bevington, 1969] . U b is calculated on a monthly basis ( Figure 6 ) by performing additional model runs with input data or model parameters altered according to the individual error ranges (Table 3) .
[50] Uncertainty originating from air temperature inputs (U 1 ) is accounted for by the RMSE between downscaled ERA-Interim data and measurements at AWS2. Different values for ablation and accumulation seasons are given as the distinctly different variances of air temperatures in summer and winter lead to similarly different downscaling accuracies. The uncertainty of the temperature lapse rate (U 2 ) is accounted for by its measured standard deviation.
[51] Uncertainty originating from global radiation inputs (U 3 ) is assessed from the RMSE between modeled values and measurements at AWS2. The inaccuracy of the albedo fields (U 4 ) is incorporated by accounting for the RMSE between measurements at AWS2 and MODIS data of the respective grid cell.
[52] The variability of snow density results in uncertainty ranges of the temperature and radiation factors of the ablation model during calibration (U 5 ). It is incorporated using the standard deviation of measured bulk snow densities [Möller et al., 2011] .
[53] Uncertainties induced by the accumulation model (U 6 ) are accounted for considering the RMSE of the fitted accumulation-index function (Figure 3) . It is incorporated by constant shifts of the function along the intercept according to the RMSE value. The uncertainty within the calculation of refreezing (U 7 ) is estimated by applying alternative values for the assumed P max fraction, that is, 0.5 and 0.7.
[54] The overall model uncertainty shows distinct differences between summer (June to August) and winter (September to May) seasons ( Figure 6 ). Monthly errors in summer are found to be about nine times higher than in winter. The mean monthly error range in summer is ±0.062 m w.e. and shows high intermonthly variability (standard deviation of ±0.034 m w.e.). Error ranges in the winter months show a mean of only ±0.007 m w.e. with only small intermonthly variability (standard deviation of ±0.005 m w.e.).
[55] This temporal pattern is due to the fact that uncertainty in ablation calculation exceeds that of accumulation and refreezing calculation (Figure 6 ). The mean annual error range of calculated ablation sums up to ±0.18 m w.e. while that of accumulation and refreezing only amount to ±0.07 m w.e. and ±0.04 m w.e., respectively (Table 4) . This is because most of the uncertainties considered predominantly affect ablation. The uncertainties inherent in the albedo fields and the downscaled air temperature data have the greatest impact on overall model uncertainty. Overall, the uncertainty analysis suggests that the model is sufficiently robust to assess the climatic mass balance of Vestfonna. [57] The mass balance variability shows a dependency on the North Atlantic Oscillation (NAO, Figure 7 ). Modeled winter balances correlate significantly (r = 0.66, 90% level) with the mean winter NAO (December to February). Posi- Figure 6 . Uncertainties of monthly climatic mass balances. The naming of the individual uncertainty ranges corresponds to Table 3 . The black error bars in the bar chart of climatic mass balance represent the overall uncertainty according to equation (11). x axis shows mass balance years. Annual subdivisions start September 1.
Results and Discussion
tive NAO conditions have been suggested to coincide with less sea ice in the Barents Sea [Yamamoto et al., 2006] , and thus increased precipitation over Svalbard [Rogers et al., 2001] , and vice versa. The summer balances in turn anticorrelate significantly (r = −0.68, 95% level) with the mean summer NAO (June to August). Sea ice anomalies in the Barents Sea were found to anticorrelate with air temperature anomalies over Svalbard [Koenigk et al., 2009] . Hence, during positive NAO conditions, increased air temperatures are to be expected over Svalbard, and vice versa.
[58] An exceptionally positive annual climatic mass balance (+0.28 ± 0.18 m w.e.) occurred in 2007/2008. This mass balance year is characterized by a highly positive winter NAO (+0.66) and a highly negative summer NAO (−1.27), thus favoring large accumulation and small ablation. However, comparable NAO conditions also occurred during other mass balance years of the study period, and thus other driving forces for the exceptionally positive mass balance have to be considered. Francis et al. [2009] found that negative summer sea ice-extent anomalies also coincide with increased precipitation over Svalbard. Hence, the highly positive winter balance (+0.44 ± 0.07 m w.e.) may be attributed to the coincidence of the highly positive winter NAO and the small Arctic sea ice-extent in September 2007. The least negative summer balance (−0.16 ± 0.14 m w.e.) of the entire study period is consistent with the most negative summer NAO (Figure 7) , and with transient weather conditions on Nordaustlandet. Several days of heavy snowfall in the first week of August resulted in a deep fresh snow layer (∼0.20 m according to own field observations) that effectively increased the surface albedo on the ice cap. Additionally, this led to distinctly reduced ablation sums during the last month of the 2008 ablation season (Figure 6 ).
[59] The climatic mass balance profiles of Vestfonna show high interannual variability with gradients ranging from 2.47 to 4.16 m w.e. km −1 (Figure 8 ). Modeled annual equilibrium-line altitudes (ELAs) during the nine years range from 283 ± 10 m asl (2007/2008) to 457 ± 17 m asl (2001/2002) , with a mean of 383 ± 54 m asl (mean ± one standard deviation). Hagen et al. [2003] estimated the ELA of Vestfonna to fluctuate between 400 and 500 m asl during the last decades of the 20th century. However, their estimate refers to surface mass balance and thus does not consider refreezing below the end-of-summer surface. Refreezing has a large impact on the ELA as it tends to shift the ELA [60] The spatial variability of climatic mass balance is shown in Figure 9 . Mass gain dominated over large parts of the interior of the ice cap, while considerable mass loss occurred throughout the lower marginal areas of the ice cap, in particular on its south facing slopes, as well as Franklinbreen and the northeastern land-terminating parts.
[61] The temporal variability of the modeled climatic mass balances of Vestfonna is in line with findings obtained for Austfonna or the Ny-Ålesund region [Hagen et al., 2003; Rasmussen and Kohler, 2007; Schuler et al., 2007] . Hagen et al. [2003] suggested Austfonna to be in equilibrium at the beginning of the decade, but for the period from (Table 4 and Figure 7 ). This is likely due to the fact that Schuler et al. [2007] modeled accumulation on the basis of the daily precipitation record of the nearest synoptic weather station operated in Ny-Ålesund (180 km southwest of Vestfonna). This record shows a pronounced relative minimum in the period 2004-2005 that is not evident in the ERA-Interim data used in this study. As the ERA-Interim grid point is located much closer to Vestfonna (<50 km SSW), we consider this time series to be distinctly more representative for regional climate on Nordaustlandet than the one from the Ny-Ålesund weather station. The decreasingly negative climatic mass balances of Vestfonna during parts of the decade (Figure 7) are also evident on Austfonna. A comparable pattern was identified in a 5 year surface mass balance time series (2004) (2005) (2006) (2007) (2008) of the Eton-/Winsnesbreen basin (northwestern Austfonna) [Moholdt et al., 2010a] . Taken together, it can be concluded that the climatic mass balances of Vestfonna modeled in this study mirror the general mass balance pattern throughout the northern Svalbard archipelago.
Conclusion
[62] The climatic mass balance of Vestfonna was calculated for the 9 year period from September 2000 to August 2009 using a temperature-radiation-index mass balance model driven by ERA-Interim air temperature and precipitation data as well as MODIS-based cloud cover and albedo data. Results indicate generally short ablation seasons (3 months) and correspondingly longer accumulation seasons (9 months) over the 9 year period.
[63] Over the nine mass balance years studied Vestfonna shows a mean annual climatic mass balance of −0.02 ± 0.20 m w.e. Mean winter and summer balances amount to +0.32 ± 0.06 and −0.35 ± 0.17 m w.e., respectively, and are found to correlate significantly with NAO conditions. Refreezing plays a major role in the mass budget of the ice cap. On average, roughly one fourth of annual ablation is retained in the firn due to refreezing. However, more measurements and more sophisticated subsurface models are desirable to better ascertain results.
[64] The mean annual ELA is calculated to be 383 ± 54 m asl (mean ± one standard deviation) and thus to a slightly lower altitude than suggested by Hagen et al. [2003] for the end of the 20th century. Further studies are needed to 
